Highly purified poly(A) polymerase (polynucleotide adenylyltransferase, EC 2.7.7.19), which synthesizes poly(A) from ATP substrate, can also catalyze hydrolysis of poly(A). The enzyme, designated as poly(A) hydrolase, requires either Mn2+ or Mg2+ for activity. Although AMP is the predominant product of the reaction, ADP and ATP are also formed. The enzyme is a 3'-exonuclease that does not degrade poly(A) associated with poly(A)poly(U) helical structure. AMP, ADP, and ATP inhibit the hydrolytic reaction. These data suggest that (i) the levels of adenine nucleotides regulate synthesis and degradation of poly(A), (ii) poly(A) itself is a storage form of adenine nucleotioes, (iii) the hydrolytic reaction is responsible for poly(A) shortening or turnover observed in vivo, and (iv) the synthetic and hydrolytic activities are functions of the same protein molecule.
It has been presumed that the function of poly(A) polymerase is to add a poly(A) tract to the 3' terminus of mRNA. In the course of elucidation of alternate functional roles for this enzyme, it was found that highly purified preparations of the enzyme could also catalyze degradation of poly(A) in the absence of ATP. Purification and Nomenclature of Enzyme. Purification of the enzyme was according to the procedure described for poly(A) polymerase (4) . In some experiments, the enzyme was further purified by using ATP-Sepharose affinity columns (8) . Because the same molecule catalyzes synthesis of poly(A) and its degradation, the enzyme activity catalyzing the hydrolytic Two micrograms of each labeled polynucleotide was incubated under standard assay conditions. At the beginning and end of incubation, the mixture was spotted onto DE-81 paper and processed as described earlier (10) .
EXPERIMENTAL PROCEDURES
reaction has been designated as poly(A) hydrolase for the sake of convenience.
Enzyme Assay. The reaction mixture (40 Al) contained 50 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (Hepes) (pH 7.2), 35 mM KCI, 0.75 mM MnCI2, 0.5 mM dithiothreitol, 2 Mg of [3H]poly(A), and 2.5-5 Ag of enzyme protein. Incubation was carried out at 370 for 40 min. The radioactivity retained on DEAE (DE-81) filter discs was determined essentially as described for the synthetic reaction, poly(A) synthesis (9, 10) . The amount of nucleotide released in the reaction was then calculated.
Product Identification. The products of the reaction were identified by thin-layer chromatography on poly(ethyleneimine)-cellulose as described previously (11) . After the chromatogram had been developed, the radioactivity in ATP, ADP, and AMP was determined, using unlabeled markers to locate their exact positions. RESULTS Specificity of the Reaction. As shown in Table 1 , there was no nonspecific degradation of poly(A) in the absence of enzyme. The single-stranded structure of poly(A) was obligatory to the hydrolytic reaction inasmuch as [3H]poly(A)-poly(U) was resistant to hydrolysis.
Time Course of the Reaction. 
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The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. Identification of Products. The products were identified by thin-layer chromatography as described previously (11) . After the chromatogram was developed, the radioactivity in the adenine nucleotides was determined, using unlabeled markers to identify exact positions of the nucleotides. As shown in Table 2 , approximately 44% of the radioactivity released from the original sample was recovered in AMP, whereas 23% and 18% of the input radioactivity were recovered in ADP and ATP, respectively. The remaining radioactivity was retained in the origin as unhydrolyzed poly(A).
Competition Aliquots (10 gil) were removed from a standard assay mixture containing 1500 cpm of [3H]poly(A) and spotted onto poly(ethyleneimine)-cellulose paper. AMP, ADP, and ATP were separated by ascending chromatography (11) , with the corresponding unlabeled nucleotides used as markers, and identified by UV light. Radioactivity in the nucleotides was determined as described previously (5).
nucleotides. As shown in Table 3 , the extent of [3H]poly(A) degraded decreased with increasing amounts of unlabeled adenine nucleotides and ATP. Thus, at 1.5 mM ADP and ATP, the amount of poly(A) degraded decreased to approximately 25% of the control value, whereas more than 90% of the enzyme activity was blocked by 0.5 mM AMP. These data are consistent with the observation that all three adenine nucleotides are formed as a result of poly(A) hydrolysis and that AMP is the major reaction product. Evidence That the Enzyme is a 3'-Exonuclease Specific for Single-Stranded Poly(A). The increase in the amount of adenine nucleotide released with time ( Fig. 1 and Table 2) suggested that the enzyme is a 3'-exonuclease. To confirm this possibility, double-labeled poly(A) was synthesized in a poly(A)-synthesizing reaction (forward reaction catalyzed by the enzyme in the presence of ATP) using [3H]poly(A) and [14C]ATP. The specific activity of [3H]poly(A) was adjusted to that of [14C]ATP before the reaction was initiated. The conditions of poly(A) elongation were as described previously (9) . The product thus formed will have 14C in the 3' region. The double-labeled poly(A) was then incubated with excess enzyme for various intervals of time (Table 4) . During the initial period of incubation, the radioactivity released was predominantly [14C]adenine nucleotides, whereas at later time points it was shifted toward 3H-labeled nucleotides. This observation, coupled with the insensitivity of [3H]poly(A).
[3H]poly(U) to degradation by the enzyme, indicates that the enzyme is a 3'-exonuclease specific for single-stranded poly(A).
DISCUSSION
The present studies have demonstrated that a highly purified enzyme preparation that catalyzes poly(A) synthesis can also regenerate adenine nucleotides from poly(A) in the presence of Mn2+ or Mg2+. The homogeneity of the enzyme preparation (as judged by polyacrylamide gel electrophoresis, ref. 4) suggests that the same enzyme molecule is responsible for the two reactions. The retention of both poly(A)-synthetic and poly(A)-hydrolytic activities on ATP-Sepharose columns, despite the lack of requirement for ATP in the hydrolytic reaction, further 40 Mul of sample was processed as described in the text and the radioactivity released was determined.
attests to the contention that the same enzyme molecule catalyzes both the synthesis and degradation of poly(A). Additional support for the dual functional role of this protein, which consists of a single polypeptide chain, is provided by the inhibition of nuclease activity in the presence of ATP. Most probably, ATP reduces the hydrolytic activity of the enzyme by shifting the reaction in favor of poly(A) synthesis. If more than one enzyme molecule were involved in synthesis of poly(A) and its degradation, it is unlikely that changes in ATP concentration in the reaction would extensively alter the nuclease activity. It may be pertinent to mention in this context that the dinished poly(A) hydrolytic activity in the presence of ATP is not due to chelation of the nucleotide with divalent metal ions, because further addition of Mn2+ or Mg2+ does not restore the nuclease activity under these conditions. Finally, the extents of ATP incorporation into poly(A) and degradation of the polynucleotide into adenine nucleotides by a fixed quantity of enzyme protein are of the same order. If a minor protein contaminant were responsible for poly(A) hydrolysis, the reaction rates for the synthetic and degradative reactions would be significantly different.
It should be noted that other 3'-exonucleases that can degrade poly(A) are known to exist (12, 13) . However, these nucleases do not catalyze a synthetic reaction and the product is usually AMP. One enzyme that can catalyze both synthesis and degradation of poly(A) is polynucleotide phosphorylase (14) . This enzyme, however, does not require a primer for the forward reaction and is unlikely to be involved in the polyadenylylation of mRNA. Polynucleotide phosphorylase is further distinguished from poly(A) polymerase in that it generally utilizes ADP rather than ATP. Interestingly, phage T4 polynucleotide kinase, an enzyme that utilizes ATP, has been shown to exhibit a 3'-phosphatase activity in the absence of ATP (15) .
The equilibrium. between poly(A) synthesis and degradation may be regulated by the relative cellular levels of adenine nucleotides and poly(A). Thus, an ATP --poly(A) -adenine nucleotides cycle could be operative in the cell, which regulates the synthetic and hydrolytic reactions. The physiological significance of the hydrolytic activity of poly(A) polymerase deserves comment. Because the products of the hydrolytic reaction consist of all three adenine nucleotides, it is tempting to speculate that poly(A) itself is a storage form of adenine nucleotides. Such a role of poly(A) has been suggested by us earlier (16) . Another obvious function of the nuclease activity of the protein molecule could be in poly(A) turnover which is known to occur in ivo. It is indeed conceivable that this enzyme is involved in the shortening or aging of poly(A) associated with mRNA (17, 18) . Loss or shortening of poly(A) in cells infected with virus (19) may also be due to the action of poly(A) hydrolase.
Note Added in Proof. We have now performed similar experiments using rat hepatoma poly(A) polymerase that has been purified to homogeneity (4) . This polymerase also degraded poly(A) in the absence of ATP, and the extent of degradation was similar to that observed for the enzyme from liver. Subsequent studies have shown that the phosphate for the conversion of AMP to ADP and ATP may be provided by degradation of AMP to adenosine. Although the conversion of poly(A) to ATP may not be thermodynamically ideal under these conditions, the energy for the hydrolytic reaction in the cell may be derived from the inorganic pyrophosphate [AvG"' = -8 kcal (33 kJ) molh], which does not appear to be needed, at least for the initial hydrolytic reaction in vitro.
